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CONVERSION FACTORS

English to Metric System {SI) of Measurement

English unit

Length

Area
Volume

Volume/Tima

(Flow}

Mass

Velocity

Acceleration

Weight
Density

Forca

Thermal
" Energy

Mechanical
Enexrgy

Bending Momant
or Torquae

Presaura

Stress
Intenalty

Plane Angla

Temparature

inches (in)or({*)

feet (ftlox(')

miles {mi)

square inches (in<?)

Multiply by

To get metric eguivalent

25.40
.02540

.3048
1.609
6.432 x 10~

square feet (ft2) .09290
acres 4047
gallons (gal} 3.785%
cubic feet (ft3; .02832
cubic yards (yd3) .7646
cubic feet_per '
second (ft3/s) 28.317
gallons per
minute {gal/min) 06309
pounds (1b) «4536
miles per hour{mph) .4470
feet per s=2cond(fps) .3048
feet per second .
squared (£t/s2) 3048
acceleration due to
force of gravity(G) g¢,go7

. pounds _per cubic
(ib/ft3}) l6.02
pounds ({1bs) 4.448
kipy {1000 1bs) 4448
British thermal
uphit (BTU) 1055
fost-poundg (£t-1b) 1,356
foot~kips {(ftwk) _ 1358
{nohi~pounds ( Etwibs) 1130
foot-pounds{ft=1hs) 1.356
bounds per square ,
ineh (psi) 6895
pounds per squara
foot (psf) 47.08
kipy per sguarae
inch aquare root )
ineh (kai /TA) 1,4988
pounds par esquara
ineh aguara root
incli {psi ¢Tn) 1,0988
degreas (°) 0.017s5
degrees tF ~ 32 +C
fahrenheit (F) 1.8
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millimetres (mm)
mecres (m)

metres (m)
kilometres (km)
square metres (m?2)
square metres (m2)
hectares (ha)
litres (1}

cubic metres (m3)
cubic metres (m3)

{1/s)

litres per second

litres per second {1/s)
kilograms (kg)
metres per second {m/s)

metres per second (m/s)

metres per second
squared (m/s2)

metres per second
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kilograms per cubie
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joules {m)
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hewton=metres (Nm}

pascals (Pa)
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TABLE 1

Fhickness of | Max. Permissible

Pavement _ Type of Pavement Deflection
8 in. : .Portland Cement Concrete - 0.012 1in.
6 in. - Cement Treated Base 0.012 in.

: (Surfaced with Bituminous ©

- .| Pavement) _ . _

& inm, ~Asphalt Concrete ‘ 0.012 in.
4 in. - Asphalt Concrete : 0.017 in.
3 in. . | Asphalt Concrete : ¢ - 0.020 in.
2 in. ~Asphalt Concrete i 0.025 in.
1 in. -~ | Road Mixed Asphait Surfacung 0 0,036 in..
/2 #n, ~Surface Treatment . i 0.050 in.

The tolerable deflections (maximum permissible deflection)
presented in Table 1 eventually provided the basis. for the
application of pavement defTection-data to overlay design..
Since these tolerable deflection values were accumulated
aver roads with. traffic indices of approximately 9, a
method to adjust to1ewab1e deflection levels according to
variation in traffic volume was established from the
results of laberatory fatigue tests on asphalt concrete
samples{2)..

California began using deflection data in conjunction with
‘the tolerable deflection concept for the evaluation of
existing flexible pavements and as the basis for recom-
mending suitable overlays for reconstruction in 1960.
Between 1960 and 1966, data were accumulated an the
deflection attenuation characteristics of AC, CTB and AB
which, with the tolerable deflection criteria already
established, provided the basis of the California ovér]ay
design procedure, By 1966, some 80 projects including
state highways, county koads, and city streets had been
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INTRODUCTION

Pavement deflection measurements are now being utilized by
many public agencies to design asphalt concrete overlay

thickness by various analysis procedures. A review of the
literature, however, did not reveal any published informa-
tion on how well these various procedures provide the
service tife extension used as the "design 1ife". The
primary purpose of this study was a comprehensive evalua-

‘tion of the effectiveness of the California procedure.

California has utilized deflection measurements for the

evaluation of flexible pavements since 1938. 1In 1951, a

serjes of comprehensive deflection research studies was
initiated by the Transportation Laboratory in an effort
to'esfab1ish'a tie between pavement deflection levels and
pavement performance. The results and conclusions of the
first formal study were published in 1955(1). An evalua-

‘tion of the data with respect to pavement deflections
‘versus pavement conditions permitted the establishment of

the concept of "tolerable deflection” criteria for a
variety of structural sections. The term "tolerable

~deflection" as first used and shown in Table 1 is that

lTevel beyond which repeated deflections of that magnitude
will produce fatigue cracking in the sirface.
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GENERAL CONCLUSIOQONS

The Deflection Analysis Design Method {Test Method No.
Calif., 356) as presently used to determine the over]ay‘
thickness for structural overlays for state highways and
city and county roadways gives good results. The planned
design 1ife of the structural overlays designed by this
method and included in this study was 10 years. Their
mean {actual) service 1ife is about 11.6 years,
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subjected to deflection investigations. The results of

the use of the deflection method for overlay design were
reported to the Transportation Research Board in 18966

along with a distussjon of the overlay design procedure(2).
This procedure was formally adopted in 1969 as a California
test method(g).

In 1970, a state of the art paper on California's overlay
design method was presented at the Western Summer Meeting
of the Highway Research Board(4). In 1974, a report was
published introducing an AC overlay design guide which
simplified the procedure for determining AC overlay thick-
nesses. Revised deflection attenuation curves and
tolerable deflection levels of asphalt concrete pavements,
based on the performance of highway projects (new construc-
tion) under study since 1964, were also included in this
report{5). ' ‘

‘The present study constitutes an evaluation of our overlay
design method after use for more than 10 years by reviewing

the actual service life of pavement overlays compared to
their predicted design 1ife. 1In determining actual overlay
service Tife, it is recognized that a pavement does not
fail via a single discrete event as do other structures.
Thus most of the indicators of pavement condition (extent
and type of cracking, patching, rutting, etc.) are not
fully quantifiable. Judgment as to length of service is
entirely subjective and thus subject to some degree of
variation,

wivw fastio.com
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SPECIFIC FINDINGS

1. Structural overlays of asphalt concrete pavements
(40 proaects) designed and constructed in accordance
w1th the Deflection Analysis Method {Test Method No.
Calif, 356) have a mean service 1ife of 138.6 months
(11.6 years) with a standard deviation of 28.1 months
(2.3 years).

2. Use of the Engineering Judgment Method (36 projects)
resulted in a mean service Tife of 94 months (7.8 years)
with a standard deviation of 22.9 months (1.9 years),

3. Use of the Gravel Equivalent Method (16 projects)
resulted in a mean service life of 100 months (8.3 years)
with a standard deviation of 24.5 months (2.0 years).

4, The comparison of the Deflection Analysis Design
Method (Test Method No. Calif. 356) to the Ergineering

Judgment Method: and Gravel Equivalent Method shows the

deflection method to give the best results from the
standpoint of selecting the proper thickness to last
the design period of 10 years.

- www fastio.com
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RECOMMENDATIONS

The California overléy design method utilizing deflection
measurements and tolerable deflection criteria established

over the past severa] years, should be used exclusively to
design structural overlays for flexible pavements in
California.

ClibPD - WAV
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GENERAL DISCUSSION

Since the inception of this project, a study was initiafed

by the Division of Maintenance and conducted by the Transpor-
tation Laboratory that included an evaluation of the service
lives of pavements rehabilitated using several different
strategies. Among the strategies considered was the as-
phalt concrete overlay. Pertinent data from this study of
the structural overlays and the report "Establish Criteria
for Rehabilitation of California Pavements"(6) will be
included with these results.

Determination of the "actual 1ife" of an asphalt concrete
pavement or overlay is not an easy task. Pavements do not
"wear out" or fail simultaneously over the entire project
length nor do they fTail suddeniy as may a bridge or
building, Problems usually begin with isolated cracking.
Traffic loads and weather conditions that tend to accelerate
the cracking vary considerably throughout the state. Also,
the deterioration rate or the time from first maintenance
work until the roadway is in need of an overlay 1in the'past
has been largely based on subjective criteria, A pavement
‘deemed in need of an overlay by one observer in one part of
the state might not qualify in the eyes of another observer
from a different area.

Substantial land use changes have occurred over the past 10
to 15 years, and California's highway, road and street
system has changed accordingly. This has resulted in
alignment changes, widening, and improved or reconstructed
structural sections on candidate projects for this study.
The overlaid projects "lives" were thus disrupted for
reasons other than premature failure., It was also found

ClihPD www.fastio.com
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IMPLEMENTATION

The findings of this study support the validity of the
deflection method of overlay design which was implemented
with the adoption of Test Method No. Calif. 356 in 1969,
In years past, it was used as an alternate method for
overlay design when this service was requested by a
Transportation District, County, City, Airport Authority,
or other public agency. As mentioned in the text of this
report, the California Department of Transportation has
recently implemented a Pavement Management System (PMS).
On the basis of their findings regarding the deflection
method (and further confirmed by this study), all eleven
" Transportation Districts now utilize the deflection
method of design for structural overlays of existing
flexible pavements. The deflection method has been se-
lected as the standard procedure when a structural anal-
ysis has been determined to be the appropriate strategy
based upbn the biennial pavément condition surveys and
the PMS printouts.

ClibPD www . fastio.com
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exténsive longitudinal and transverse or shrinkage cracks
forming large block cracks across the éntire lane width.
Thus most overlays for CTB structural sections are for
control of reflection cracking rather than structural
adequacy since the deflection level will be relatively
Tow. If the base has failed, the same failure mode as
aggregate base structural sections with fat1gue cracking
in the wheel path will appear,. o

For this study, the months of service for each project

were determined by either the PMS printout using the 30
percent criteria or by the following method, If the PMS
printout did not provide information on the pavement '
section in question, the project was visited and a condi-
tion survey was made to determine the months of service.
From the observed present cracked condition of the roadway,
it was not difficult to estimate (as will be pointed out
tater in this text) at what time in the past or future the
30 percent criteria was or would be met.

Project Selection_and Evaluation

Since the initial use of the deflection method procedure
in California, there have been more than 500 projects for
which overlays were designed on the basis of deflection
measurements. - While the majority of these, during the
early 1960s, were done for cities and counties, a file
search back to 1962 resulted in approximately 100 state
projects selected for follow-up study. The monthly
issues of the "Statement of Going Contracts" published

by the California Department of Transportation were
reviewed to determine the work performed and the contract
numbers. The microfilm index of "as built plans" was

10
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that maintenance work to improve riding quality and skid
resistance, performed while pavements were still struc-
turally sound, prematurely eliminated many candidate
overlay projects from further consideration. '

Failure Criteria

i

During the initial phases of this study, it became apparent
that the overall objective was simply the performance of

the overlay to provide a nearly maintenance free roadway

for the 10 year design period. Therefore, the most accurate
and direct approach in evaluating the overlay performance
would be to review the maintenance effort, if any, employed
in keeping the pavemeht surface in service for the 10 year
design period. Thought was given to, but no need was deter-
mined, for any laboratory testing or follow-up deflection
measurements in feviewing past performance.

The service 1ife, as previously discussed, can have different
meanings when determined by subjective methods. This problem
was studied in some detail during development of the Pavement
‘Management System. The definition of service 1ife which
evolved and which is now included in the Pavement Management
System is as follows: "Service Life" is the period of time
until the extent of load associated alligator cracking and/
or patching reaches 30 percent of the roadway wheel path
areas. The Pavement Management System definition was adopted
for this study. As an illustration of the convention used in
reporting "percent cracked”, a lane with continuous alligator
cracking andfor patching in one wheel path and no cracking in
the other wheel path would be classified as 50 percent
“‘cracked. For pavements over cement treated bases, the same
criteria are used. The failure mode for CTB invoives

ClihPDFE - wivw fastio.com
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In the presént study, field condition surveys were made
to each district to review the projects where data could
not be obtained from office files alone. This resulted
in an additional 14 projects for a total of 22 state
projects which were eventually evaluated in this study
(see Tables 2 .and 3).

From the study "Establish Criteria for Rehabilitation of"
California Pavements"(6), although limited to thin over-
Tays, it was found that the deterioration rate of hair-
Tine alligator cracking to 1/8 inch alligator cracking -
occurs, on the average, in twelve months. Within
another eight months, the 1/8 dinch wide alTigator
cracking progresses into 1/4 inch wide alligator cracks.
Within another four months, the alligator cracking con-
tinues and is coded only as "greater than 1/4 inch
cracking". Thus, from 1/8 inch wide cracks to cracks
greater than 1/4 inch in width occurs in about one year.
Again, while this is for thin blankets, it does give
some indication as to the time for the propagation of
cracks--once cracking starts.

From the study "Statewide Flexible Pavement Performance
and Deflection Study”(7), the time for the percentage of
cracking to approach 30 percent was noted to be 2 to 4
years after the initial (reported as initial cracking
when 2-5% cracked) alligator cracking. The average from
the study was 2.8 years.

Using the experience gained from these two projects, the
extrapolated point in time considered as the end of the
overlay service life could be rationally and conserva-
tively estimated. An example of extended time would be

12
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searched for éach-contract and the required information
extracted,

Following the final selection of the projects, an effort
was made to obtain information for specific locations on
maintenance and repair activity. However, this information
was unavailable for several projects. Thus what was
originally believed to be the best source of information
produced very Jlittle., The second source of information,
the biennial pavement evaluation surveys extending back to
1969 and some pavement deflection research data dating back
to 1964, provided a portion of the overlay performance
criteria. ‘ '

This data was initially studied by the researchers for the
Pavement Management System as a part of their work to

develop pavement performance criteria and pavement mainte-
nance and rehabilitation strategies. The scope of their
work was much broader than that of this study. Consequently,
the PMS researchers did not have the resources needed to
field review individual overlay projects. This constraint
quickly eliminated from their consideration any project that
could not be evaluated solely from the biennial survey print-
outs. Additional projects were eliminated simply because of
differences in post mile limits between the project in
questidn'and the rated sections. Thus, in the PMS develop-
mental effort, out of about 100 candidate projects, only 8
remained. The 8 projects performed well with an average
service life of 129 months (10.8 years) and an estimated
standard deviation of 13.6 months. Although these
researchers found only a small number of projects for
evaluation using the PMS printouts, their results compared
favorably with the planned overlay design life of 10 years.

11
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traffic volumes. It was reasoned that cities and counties
might be more apt to reduée the recommended overlay thick-
ness due to a lack of funds. From such projects, it
might then be possible to determine the effects of using
the overlay method to design projects'for service Tives

of less than 10 years. However, this was not the case

for the projects that were available for evaluation.

If the overlay had been placed at all, the recommended
thickness was used. If not, the project was delayed and
overTaid at a Tater date. The later date would invalidate
the earlier deflection study and crack survey making it
impossible to use for our research study. The evaluation
of the eity and county projects produced an additional 18
roadways with T.I.'s from 4.0 to 9.5 (see Tables 2 and 3).
These projects provided a mean service life of 146.0
months (12.2 years) with a standard deviation of 23.7
months (2.0 years),

Although it was more difficult to obtain projects for this
evaluation than anticipated, the 40 combined state, ¢ity
and county roadways provided an adequate number to draw
conclusions with a reasonable degree of confidence. Notes
regarding the determination of service 1ife for each
project included in thé study are contained in Table 3,

The service 1ife of an overlay designed by the present
deflection method is about 11 years, The service lives
of two-thirds of the state projects studied are between
8.5 and 13.5 years. The corresponding range for city

and county projects is between 10 and 14 years. Overalld,
the deflection designed projects are within a reasonable
tolerance of the desired 10 year design period.

14
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the project 02-Sis-97 (No. 1) where from the field

review the present condition of the pavement showed 20

to 25 percent alligator cracking. By next year this
project will have reached its "service 1ife" by our
definition of 30 percent. The time of service for this
project then of 1973-1981 or 96 months (9 years) is a
reasonable extrapolation. Another example would be
project 06-Fre~41 (No. 16). Here the condition survey
showed the pavement to be approximately 60 to 70 percent
alligator cracked. As the rate of cracking accelerates
quite rapidly beyond the 30 percent Tevel, a reduction
in service 1ife of 2 years was estimated to place the
percent cracking at or below the 30 percent level. This
should give a cqnservative estimate of service 1ife of

_the project. Projects such as Numbers 2 and 5, with

1ittle or no cracking, indicated during the field condi-
tion survey, have been assigned an additional one or tiwo
years of service 1ife, Two years was used except in a
féw instances where other factors noted in the field
suggested service 1ife extension should be limited to
one year. Again, these are very conservative estimates
but further extension of time would not be prudent.

Analysis of the 22 state projects with the T.I.'s varying
from 7.0 to 10.5 yielded an average service life of 132.5
months (11.0 years) with a standard deviation of 30.4
months (2.5 years) (see Tables 2 and 3).

As it became apparent that state projects alone were
small in number for the purpose of the study, the same
process of evaluation was used for deflection designed
city and county roadway overlay projects. Their inclu-
sion also permitted evaluation of projects with Tower

13
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TABLE 2

Summary of Project Data With Overlays
Designed by GCalif. Deflection Procedure

Project T.1. Overlay Thickness Estimated Service LifelMos,)
1 10.0 0.20! 96
2 7.0 0.10! 108
3 9.5 o.40' . 132
4 9.0 0,50 144
5 10.5 0.25* 192
6 10.5 0.25¢ 84
7 10.5 0.30' 96
8 10456 0,20 120
9 8.6 0.25" 180
10 10.0 0,17 168
11 10.5 0.25'-0,29' 120
12 1¢.5 0.33'+Cushion Coarse 130
13 9.0 0,17} 180
14 8.0 0.33' 156
1% 10.0 0.30"'"+Cushion Coarse 132
16 8.5 0. 08! 132
17 8.5 0,20' & 0,15’ 132
18 9.5 0,33 156
19 10.5 g7 144
20 9,0 0.,40' 8.0.25" 120
21 7.0 0.25? 96
22 8.0 0.10' & 0,20 96
23 6.0 o0.20" 144
24 6.0 0.20' 132
25 6.0 0.29% 120
26 6.0 0.20' 120
27 7.5 p.1s! tza
28 8.5  0.15" 120
29 95,0 0.,17! 132
30 4.5 0.z20' 156
31 - 0.25" 180
3z 4,0 0.17! 168
33 4.0 017! 168
34 4.0 0,171 168
35 4.0 c.17v 168
36 6.0 0,17 144
37 7.0 .08 108
38 8.0 0.08"' 132
39 6.0 bb1, Chip Seal 168
40 7.0 0.17! 180

www.fastio.com
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A comparisoh of this data to that obtained in the study
for the PMS project(6) for the engineering judgment method
and the gravel equivalent method shows the deflection
method to give the best results. The engineering judgment
method essentially uses subjective judgment and/or the past
experience of the engineer to determine the overlay thick-
ness., The average service 1ife for the 36 overlays designed
by this method was found to be 94 months (7.8 years) with a
standard deviation of 22.9 months (1.9 years). The primary
problem with this approach is that the intuitive judgment of
- the engineer determining the thickness is influenced by the
outward appearance of the roadway which does not always
reflect the actual residual strength of the existing
structural section.

The gravel equivalent method is based upon future traffic
(Traffic Index) and gravel equivalent {G.E.) values of the
in-place roadway materials. The primary problem associated
with this approach is that of assigning a realistic gravel
factor to the existing distressed AC surface. Also, the
system requires the'assumption of a saturated subgrade
‘condition which may not be representative. The average
service 1ife for the 16 projects designed by this method
was found to be 100 months (8.3 years) with a standard
deviation of 24.5 months (2.0 years). Because the G.E.
method would -tend to be conservative, the results from
this study are somewhat surprising. This may perhaps be
attributed to the small number of projects found to study.

Attempts to relate the service life data to the various
‘geographic/topographic areas (and associated climatic

differences) of the state did not produce any significant
findings possibly due to insufficient data.

15
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